To gain insight into the origin of the colossal reduction of resistance in response to magnetic field in colossal magnetoresistance manganite, the magnetic field induced transition in ferromagnetic La 0.7 Ca 0.3 MnO 3 was studied using a high-resolution magneto-optical imaging ͑MOI͒ technique. The MO images were captured in various magnetic fields over a wide temperature range for both highly dense samples with strong-link grain boundaries and porous samples with weak-link boundaries. Formation and evolution of magnetic domains as a function of field or temperature were clearly observed around and far below the Curie temperature T C = 240 K. Ferromagnetic areas tend to grow to large sizes and finally join together at the expense of paramagnetic areas as the field increases or temperature decreases for strong-link samples. A sharp magnetoresistive transition is observed when the sample changes from a paramagnetic insulator to a metallic ferromagnetic phase in the vicinity of T C . In contrast, the porous samples showed magnetoresistance over a wide temperature range and exhibited a remarkable grain boundary related magnetization process in addition to magnetization within grains. A close correlation is found between the magnetization process observed by MOI and magnetoresistance measurements. Our MOI results indicate that the strong-link or weak-link grain boundaries are responsible, respectively, for magnetoresistance occurring either only in the vicinity of the ferromagnetic transition or over a very wide temperature range. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2177393͔
The rediscovery of colossal magnetoresistance ͑CMR͒ in manganite perovskite in conjunction with fascinating physical properties, such as charge and spin orderings, abundant magnetic phases, electronic phase separation, etc., has intrigued researchers and motivated extensive studies worldwide. The study of the CMR materials has become one of the mainstream areas in solid state physics, as happened previously with cuprate high temperature superconductors.
1,2 One of the major challenges is to elucidate the origin of CMR. The most likely mechanism comes from the model of electronic phase separation ͑EPS͒. 3, 4 When changing from paramagnetic ͑PM͒ to ferromagnetic ͑FM͒ phases around the Curie temperature T C , CMR materials undergo a nonhomogeneous magnetization process and simultaneously form ferromagnetic regions that consist of a nanoscale secondary electronic phase whose conductivity is much greater than that of the paramagnetic regions, leading to a drop in resistance. The resistance can be further decreased by either applying an external magnetic field or by reducing the temperature further, resulting in the actual so-called CMR effect.
Conductive ferromagnetic regions expand at the expense of paramagnetic insulating regions. However, it should be pointed out that some nanoscale insulating regions are always present under very high magnetic fields and at very low temperatures, as has been observed using scanning tunneling microscopy ͑STM͒. 5 The EPS picture explains the magnetoresistance in the manganites in which CMR occurs only within a narrow temperature range in the vicinity of the transition from PM to FM and diminishes quickly with decreasing temperature. However, in most cases, the CMR is present over a very wide temperature range, from the Curie temperature down to very low temperatures. It has been argued that this is caused by the spin polarized tunneling effect 6 through grain boundaries. It has been reported that strong-link and weak-link grain boundaries, respectively, seem to be responsible for CMR that appears only in the vicinity of T C and that which is present over a wide temperature range. 7, 8 In our previous work 9 we have used the magneto-optical imaging ͑MOI͒ technique for direct visualization of the magnetization process in a highly dense La 0.7 Ca 0.3 MnO 3 bulk sample showing CMR around T C = 240 K. MOI allows a direct observation of the formation of magnetic domains and provides some details of the local magnetization process, a͒ Author to whom correspondence should be addressed; electronic mail: xiaolin@uow.edu.au which is unattainable from global magnetization measurements. However, the special resolution of MOI in that study was not completely adequate due to the labyrinth stripe magnetic domain pattern in the indicator film with perpendicular magnetization.
In this work we present our studies using higher resolution MOI with an in-plane magnetized Bi-doped iron-garnet indicator 10 for direct visualization of the magnetization process in a highly dense sample with strong-link grain boundaries and in a very porous sample with weak-link grain boundaries. The magneto-optical indicator utilizes Faraday rotation for the visualization of the normal component of the magnetic field on the on top surface of the sample to create a map of the magnetic induction at the sample surface.
Two different single-phase La 0.7 Ca 0.3 MnO 3 ͑LCMO͒ samples were used for the present study: one, called the HD sample, was made by a partial melting process and is highly dense, while the other one is a very porous sample made using a conventional sintering process. The structural characteristics of both samples were studied in Ref. 8 . The porous sample has grain sizes of about 100 m and wide weaklink grain boundaries. By contrast, the HD sample looks very dense and no clear boundaries can be seen.
The highly dense sample exhibited magnetoresistance ͑MR͒ only in the vicinity of T C at about 230 K, while the porous sample revealed MR over a very wide range of temperatures from the T C down to 5 K. 8 A very porous sample with very large grain boundaries ͑see Fig. 3͒ was selected for MOI observation. This enabled us to visualize the grain boundaries under an optical microscope. Figure 1 shows the magneto-optical images of the normal component of the magnetic induction B z at the surface of the HD sample. The images from top to bottom on the left side were taken at temperatures of 250, 234, 228, and 220 K, respectively, as the sample was cooled down from 300 K in a field of 60 mT. The images on the right side were taken in fields of 10, 20, 30, and 40 mT at 234 K. The bright areas in these images correspond to high values of B z . It can be seen that in the presence of a constant field of 60 mT, the sample was paramagnetic at 250 K, but as temperature decreased some local regions started to become ferromagnetic independently at T = 234 K ͑bright contrast͒. With further decreases in temperature, new ferromagnetic regions started to form. Those already formed regions expanded to merge with other regions and form large ferromagnetic regions at the expense of the paramagnetic regions. Finally, the magnetization process resulted in homogeneous magnetization throughout the whole sample at T = 220 K. Further drops in temperature led to little change in the MO images. The observation of this process is in agreement with our previous work using low resolution MOI. 9 It should be noted that these MO images indicate a close correlation with the electrical transport measurements where a significant drop in resistance takes place entirely within the 250-220 K temperature range.
At the fixed temperature of 234 K ͑see images on the right side of Fig. 1͒ where the resistance is at a maximum, the application of magnetic field favors the formation of ferromagnetic regions in a similar way to the effect of temperature discussed above. The brightness and areas of ferromagnetic regions were enhanced without any clear sign of merging at this temperature when the field increased from 10 up to 40 mT. The enhanced magnetization in the independent local areas closely corresponds to a significant drop in resistance under the application of field ͑for the HD sample͒, in agreement with what has been seen in a LCMO thin film under STM. 7 In contrast, the very porous sample exhibited a remarkable grain boundary controlled magnetization process in the MO images shown in Fig. 2 , in addition to the magnetization within grains. According to our observations, below T C , individual grains separated by large grain boundaries gradually entered the ferromagnetic state as their brightness gradually increased with increasing magnetic fields. The regions located at grain boundaries remained weakly magnetic compared to the regions inside grains. This homogeneous magnetization only took place until the field increased to a certain value. This process occurred not only at the temperatures around T C , but also always appeared over a very wide range of temperatures, from T C down to 4 K. This is the most significant difference in the MO images between the very porous sample with large grain boundaries and the highly dense sample with invisible and strong-link grain boundaries.
A typical series of the MO images taken at 11 K for the porous sample in various fields are shown in Fig. 2 . It can be seen that the regions at grain boundaries are darker than inside the grains in low fields of 40 and 60 mT, but eventually merge together with all other grains and boundaries in high fields. Such an evolution of the grain boundary associated magnetization process is closely correlated with the changes in resistance, which always exhibits a drop in magnetic field over a wide range of temperatures from T C down to 5 K. The close relationship between the magnetization process and the magnetoresistance clearly indicates that weak-link grain boundaries are indeed responsible for wide-temperaturerange magnetoresistance in LCMO compounds. Figure 3 presents an optical image of structural defects on the surface of the porous sample together with the corresponding MO image taken on the same part of the surface and scanning electron microscopy ͑SEM͒ images of the grain structure. The correlation between grain structure and MO contrast is very clear. Wide grain boundaries ͑width about 10-30 m͒ create dark contrast on MO images. With increasing field the dark contrast splits and shows the fine structure of grain boundaries ͑MOI in Figs. 2 and 3͒. It seems that these grain boundaries are responsible for magnetoresistance that occurs over a wide temperature range.
In summary, we have found that when cooling down from the paramagnetic to the ferromagnetic state for the La 0.7 Ca 0.3 MnO 3 samples with strong-link grain boundaries, inhomogeneous ferromagnetic regions start to form and tend to grow to large sizes with the generation of new ferromagnetic regions. They are finally joined together at the expense of paramagnetic areas as the field increases or the temperature further decreases. The magnetoresistance seen in these strong-link samples is caused by the reduction of the paramagnetic insulator phase and the increase of the metallic ferromagnetic phase around the Curie temperature. The magneto-optical images for the porous samples with weaklink grain boundaries exhibited a remarkable grain boundary controlled magnetization process. Strong-link or weak-link grain boundaries are responsible for magnetoresistance occurring either only in the vicinity of the ferromagnetic transition or over a very wide temperature range.
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